Laser Light Scattering dynamic equilibrium between M-and m-filaments.
Quasi-elastic light scattering (QLS) has become a standard method for the determination of lateral diffusion coefficients of macromolecules in solution. This parameter is related to molecular radius, and hence can be used to characterize a reversibly selfassociating system. The technique therefore finds valuable applications in many biochemical systems for the characterization of molecular size and shape, and for the study of assembly-disassembly processes. Information can also be obtained on the internal dynamics of biological polymers, as in the bending flexibility of linear polymers including DNA. The subject has been reviewed in detail [ 13.
In the microtubule self-assembly system, three levels of structural organization can be distinguished (i) tubulin dimer, a a+ heterodimer, M, -100000 with diffusion coefficient D20,w = 5 X lo-" m2 s-' is the main component of microtubules; (ii) at high protein concentration, tubulin forms defined oligomeric species, characterized by a number of hydrodynamic parameters, and visualized by electron microscopy. Principal among these are the ring-shaped oligomers, which can contain between 26 and 50 tubulins, in single or double radial rings. For the latter, which appear to be the form stabilized by high-M, MAPS (the microtubuleassociated proteins) D20,w= there are approximately 1600 tubulin molecules/ pm. These polymers appear to be relatively nonflexible, having an almost linear profile in dark-field microscopy. Microtubules perform a variety of important organizational and directional functions in the cytoskeleton of both dividing and non-dividing cells [3] . They have distinctive light-scattering properties, which have been treated theoretically [4] to allow derivation of the microtubule length distribution in solution. In this approach, because the linear dimension far exceeds the wavelength of light, the correlation function includes components from the (slow and length-dependent) diffusional re-orientation perpendicular to the long axis.
Thus this self-assembly system contains a variety of different types of information which is detected by the QLS technique. Earlier work (e.g.
Palmer et al. [5] These studies underline a major feature of QLS: the presence of small amounts (by weight) of a high molecular mass species has a disproportionate effect on the observed correlation function.
In a heterogeneous system, it is the z-average value of D20,w which is obtained; thus, on the one hand, small amounts of oligomer can readily be detected, but contamination by non-specific aggregates is always a problem with labile biological materials. For physical characterization, the constancy of the observations with time can be a useful criterion, but since the dynamics of assembly are often a principal subject of interest, this limitation is generally difficult to avoid.
These considerations have led to the development of powerful numerical methods for the derivation of multiple components of a diffusion system. According to the model used, these can be analysed either as a discrete or a continuous distribution of species. We have used the program CONTIN [S] to analyse the correlation functions for the assembly of tubulin dimer (or microtubule protein) into microtubules, and for the disassembly process induced by cooling, or addition of M$+ or Ca2+. Turbidity measurements [9] showed that these ions (up to 20 mM) enhance the rate constant for disassembly by factors up to SO-fold. A possible mechanism is that the ions cause preferential reduction in the lateral lattice interactions, and that oligomers (as short protofilaments) dissociate directly. QLS shows that induction of disassembly causes immediate loss of the highest molecular mass species and the progressive appearance of species with diffusion coeficients in the range found independently for oligomers. The coexistence of polymer and oligomer under disassembly conditions has also been deduced from low-angle X-ray-scattering studies at high protein concentration, and is believed to contribute to the phenomena of microtubule oscillatory behaviour [ 101. QLS is thus an important and versatile biophysical method for studying many macromolecular systems. However, the complexity and instability of such systems often requires that complementary evidence should be sought from other techniques. The overlap of hydrodynamic methods with ultrastructural and new optical methods such as confocal microscopy and photobleaching techniques suggests a fruitful area for future studies of biological self-assembly systems.
